Background: Dietary sodium may influence cognitive function through its effects on cerebrovascular function and cerebral blood flow. Methods: The aim of this study was to evaluate the association of dietary sodium intake with cognitive decline in community-dwelling older adults. We also evaluated the associations of dietary potassium and sodium:potassium intake with cognitive decline, and associations of these nutrients with micro-and macro-structural brain magnetic resonance imaging (MRI) indices. In all, 1,194 participants in the Health Aging and Body Composition study with measurements of dietary sodium intake (food frequency questionnaire [FFQ]) and change in the modified Mini Mental State Exam (3MS) were included. Results: The age of participants was 74 ± 3 years with a mean dietary sodium intake of 2,677 ± 1,060 mg/day. During follow-up (6.9 ± 0.1 years), 340 (28%) had a clinically significant decline in 3MS score (≥1.5 SD of mean decline). After adjustment, dietary sodium intake was not associated with odds of cognitive decline (OR 0.96, 95% CI 0.50-1.84 per doubling of sodium). Similarly, potassium was not associated with cognitive decline; however, higher sodium:potassium intake was associated with increased odds of cognitive decline (OR 2.02 [95% CI 1.01-4.03] per unit increase). Neither sodium or potassium alone nor sodium:potassium were associated with micro-or macro-structural brain MRI indices. These results are limited by the use of FFQ. Conclusions: In communitydwelling older adults, higher sodium:potassium, but not sodium or potassium intake alone, was associated with decline in cognitive function, with no associations observed with micro-and macro-structural brain MRI indices. These findings do not support reduction dietary sodium/increased potassium intake to prevent cognitive decline with aging.
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Introduction
With advancing age, subtle impairments in cognition are common even in the absence of clinically apparent dementia [1] . Conceptual reasoning, memory, processing speed, attention, and working memory tend to gradually decline over time, and there is also a decline in both gray matter and white matter volume in the brain [1, 2] . Older adults with mild cognitive impairment have an increased likelihood of experiencing continued cognitive decline and to progress to dementia [3] .
Most older adults exceed recommended levels of dietary sodium intake [4] . The adverse consequences of high dietary sodium intake upon blood pressure are well appreciated [5] , with additional evidence for increased risk of cardiovascular events [6] . Dietary sodium intake may also influence cognitive function through its effects upon cerebrovascular function and cerebral blood flow. High dietary sodium intake is associated with impaired vascular endothelial function [7] , which is associated with cerebral small vessel disease [8] , a major risk factor for cognitive impairment with advancing age [9] . However, the relation between dietary sodium intake and cognitive dysfunction is not well understood. Additionally, little is known about the association of dietary potassium intake and cognitive impairment, and the interaction of dietary sodium and potassium intake may better predict risk than either nutrient alone [10] , as high dietary potassium may counter the adverse effects of high dietary sodium [11] .
Accordingly, the aim of this study was to evaluate the association of dietary sodium intake with cognitive decline over time in community-dwelling older adults. We hypothesized that greater sodium intake would be independently associated with cognitive decline. Given important interactions between dietary potassium and sodium in modulating cardiovascular risk [12] , we also evaluated the associations of dietary sodium intake and the ratio of dietary sodium to potassium intake with cognitive decline. Finally, to provide mechanistic insight, we evaluated the association of sodium intake with microand macro-structural brain magnetic resonance imaging (MRI) indices in participants of this substudy.
Materials and Methods

Study Population
The study methods of the Health, Aging and Body Composition (Health ABC) study have been described previously [13] . In all, 3,075 participants 70-79 years of age were recruited from a sample of Medicare beneficiaries residing in areas surrounding Pittsburgh, PA and Memphis, TN between April 1997 and June 1998. Eligible participants reported no difficulties walking 1/4 mile, climbing ten steps, or performing basic activities of daily living; they were all free from life-threatening illness and planned to remain in the geographic area for at least 3 years.
For the present analysis, year 3 cognitive testing (Modified Mini-Mental State Examination [3MS]) was defined as baseline measurements, as this was the first assessment following dietary data collected in year 2. Participants were excluded if they had missing food frequency questionnaire (FFQ) data (n = 362) or had values for dietary data outside the range defined of physiologically plausible (total kcals <800 kcal for males or <600 kcal for females [14] , sodium intake <500 mg/day, and/or potassium intake <1,000 mg/day; n = 64), leaving n = 2,649 with dietary data. An additional n = 1,205 were excluded due to missing data on incident cognitive impairment (3MS score at years 3 and 10) and/or due to prevalent cognitive impairment at baseline (n = 263; 3MS score ≥1.5 SD below the mean). Finally, 250 remaining participants were excluded due to missing covariates (described below), leaving 1, 194 participants in the current analysis. All participants provided written informed consent, and this study was approved by and conducted in accordance with the ethical standards of the investigational review boards at the participating centers, as well as in accordance will the Declaration of Helsinki.
Study Variables
Dietary sodium intake was the primary predictor variable, with dietary potassium intake and the ratio of sodium to potassium intake (sodium:potassium) evaluated as secondary predictor variables. Dietary sodium intake, as well as dietary potassium and total caloric intake, were assessed at baseline (year 2) by a 108-item interviewer-administered FFQ (Block Dietary Data Systems, Berkley, CA, USA), with a food list developed specifically for the Health ABC study [14] . Cognitive function was evaluated at baseline (year 3) by the 3MS, a general cognitive battery with higher scores indicating better cognitive function [15] . Incident cognitive impairment was defined as a decline in 3MS score ≥1.5 SD) above the mean decline in completion score (mean ± SD change in 3MS score was -2.8 ± 8.6).
Confounders related to dietary sodium intake and cognitive impairment were selected a priori as potential covariates. Race, sex, education (year 1), and smoking status (year 3) were determined by an interviewer-administered questionnaire at baseline. Education was classified into 3 categories (less than high school, high school graduate, or post-secondary). Smoking was defined as current, former, or never. Body mass index (BMI) was calculated using body weight measured using a calibrated balance beam scale and height measured using a stadiometer (year 2). Age at year 2 was defined as baseline age. Blood pressure was measured in a rested, seated position (year 2). Cardiovascular disease (CVD) was defined as a history of congestive heart failure or myocardial infarction by combining participant self-report with appropriate medication use and 5 years prior of Centers for Medicare and Medicaid data (year 1). Hypertension and diabetes status were determined by similar methods (year 2). Estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation [16] . Creatinine was measured using the isotope dilution mass spectrometry traceable methodology (year 3).
Healthy Brain Substudy
A subset of Health ABC participants were included in the Healthy Brain substudy, which began in year 10 and included measurements of brain macro-and micro-structures by MRI. Of the 1,194 participants included in the main analyses, 248 had MRI data available for mechanistic analysis regarding the association of dietary sodium intake with micro-and macro-structural brain MRI indices in year 10. The details of the Healthy Brain substudy and MRI acquisition have been described previously [17] . MRI scanning was performed using a 3T Siemens Tim Trio MR scanner at the MR Research Center of the University of Pittsburgh using a Siemens 12-channel head coil. Macro-structure white matter hyperintensities (WMH) volume was obtained from T2-weighted FLAIR image using an automated method for quantification and localization of WMH. WMH quantification was done using a fuzzy connected algorithm and total WMH volume was estimated by summing all the voxels classified as WMH and normalized for brain volume. Total gray matter volume (GMV) was estimated in cubic millimeters by summing all voxels classified as this tissue type. Fractional anisotropy (FA), a marker of white matter integrity, was measured as restricted to normal appearing white matter. Cerebral atrophy index was calculated as intracranial volume -parenchyma volume, where parenchyma volume = GMV + white matter volume from total brain. Correction factors were used for clearer presentation of data (WMH multiplied by 1,000, GMV, white matter volume, and intracranial volume divided by 1,000, cerebral atrophy divided by 10) [17] .
Statistical Analyses
The association of dietary sodium intake with incident cognitive impairment was assessed using logistic regression models. Dietary sodium intake was evaluated by quartiles, using quartile 1 predefined in the analysis to serve as the reference group due to being the lowest intake. We also examined dietary sodium as a continuous predictor variable (per every doubling of sodium intake [log 2 transform]). The initial model was unadjusted and then multivariable adjusted models were performed to include age, sex, and race (model 1), model 1 plus education, smoking status, BMI, systolic blood pressure (SBP), estimated glomerular filtration rate, and history of hypertension, CVD, and diabetes (model 2), and model 2 plus dietary potassium and total caloric intake (model 3). We also considered restricted cubic regression spline analysis; however, results showed no evidence of a nonlinear association with spline analysis; thus, this nonlinear analysis was determined not to be appropriate. We tested for an interaction of dietary sodium with both sex and race, and found no significant interactions (p > 0.73); thus, stratified analyses were not performed. Similarly, there was no significant interaction of sex or race with either potassium or sodium:potassium intake (p > 0.24).
As secondary analyses, dietary potassium intake and sodium:potassium were considered predictor variables using the models described above (substituting dietary sodium for potassium in model 3 when dietary potassium was the predictor variable, and eliminating dietary sodium in model 3 when sodium:potassium was the predictor variable). As an additional secondary analysis, linear regression was used to assess the association of baseline dietary sodium, potassium, and sodium:potassium intake with change in 3MS score at year 10. Last, linear regression models were used in the Healthy Brain substudy to examine the association of dietary sodium intake with WMH volume, GMV, FA of white matter, and cerebral atrophy index, with the same covariates described above. Quartiles were redefined based on this sub-cohort. The natural log was used for skewed variables (WMH volume).
As an additional secondary analysis, we considered the associations of dietary sodium, potassium, and sodium:potassium intake on cognitive function in a sub-group of participants who had baseline comorbidities of history of hypertension, diabetes, and/or CVD (n = 372). Finally, we added diuretic use (self-report [18] ) to a final model evaluating the associations of dietary sodium, potassium, and sodium:potassium intake on cognitive function.
Measures of cognitive function and covariates at baseline were summarized by dietary sodium quartiles (as well as by potassium and sodium:potassium quartiles) and presented as mean (SD) or median (interquartile range [IQR]) for continuous variables and % for categorical variables. 3MS score was square root transformed and WMH volume was log-transformed in analyses to achieve a normal distribution. Comparisons across quartiles were made using a chi-square test for categorical data and analysis of variance for continuous variables. Two-tailed values of p < 0.05 were considered statistically significant for all analyses. All statistical analyses were performed using SAS version 9.4.
Results
Participant Characteristics at Baseline
A total number of 1,194 participants were included in the main analysis, with a mean follow-up interval of 6.9 ± 0.1 years. Among these participants, the mean ± SD age was 74 ± 3 years and 71.4% (n = 853) were White. The mean dietary sodium intake was 2,677 ± 1,060 mg/day ( Table 1 ). The median (IQR) baseline 3MS Examination score was 95 (90-97), with the lowest score occurring in the highest quartiles of sodium intake. Individuals with higher dietary sodium intake were less likely to be female, more likely to have CVD, and tended to have a higher BMI. Total caloric intake, dietary potassium intake, and dietary sodium:potassium were also greater in those with higher sodium intake ( Table 1) .
Relation between Dietary Sodium Intake and Incident Cognitive Impairment
The incidence of cognitive impairment was 10.1, 9.0, 8.1, and 13.7% for quartile 1 (597-1,921 mg/day), quartile 2 (1,921-2,511 mg/day), quartile 3 (2,517-3,264 mg/ day), and quartile 4 (3,264-11,565 mg/day) respectively DOI: 10.1159/000486580 (p = 0.12). In both unadjusted and adjusted analyses, increased dietary sodium intake was not associated with increased odds of incident cognitive impairment compared to the reference group (quartile 1; Table 2 ). In the fully adjusted model, the odds of cognitive impairment in the highest quartile was 0.94 (95% CI 0.42-2.10) compared to the reference group. Similarly, for every doubling of dietary sodium intake, the odds of incident cognitive impairment was 0.96 (95% CI 0.50-1.84). Addition of diuretic use did not change this association Model 1: adjusted for age, sex, and race. Model 2: adjusted for model 1 + education, smoking, BMI, SBP, history of hypertension, stroke, CVD, and diabetes, and estimated glomerular filtration rate. Model 3 is further adjusted for total kcals and dietary potassium intake. Continuous is for every doubling of sodium intake (log 2 transformation). reference group). Similarly, there was no association between quartiles of dietary sodium intake or dietary sodium considered a continuous variable and change in 3MS score at year 10 (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000486580). Results were very similar when a definition of cognitive impairment as a decline in 3MS score ≥1.0 SD above the mean decline in completion score was applied (not shown). Finally, in the subgroup of participants with baseline comorbidities of hypertension, diabetes, and/or CVD, there remained no association between dietary sodium intake and odds of incident cognitive impairment, similar to the overall cohort (model 3 highest quartile OR 1.57 [95% CI 0.36-6.79] compared to the reference group).
Relation between Dietary Sodium Intake and Brain MRI Indices
The baseline characteristics of the 248 participants in the Healthy Brain substudy are shown in online supplemental Table 2 . Similar to the main analysis, individuals with higher sodium intake were less likely to belong to the female gender and had greater total caloric intake, dietary potassium intake, and dietary sodium:potassium intake. Cerebral atrophy index was also greater in individuals with greater dietary sodium intake. However, in the fully adjusted models, dietary sodium intake was not significantly associated with any of the measured brain MRI indices (WMH, GMV, FA of white matter, and cerebral atrophy index; online suppl. Table 3 ).
Secondary Analyses
To provide additional insight due to known interactions between dietary sodium and potassium, baseline dietary potassium intake and dietary sodium:potassium intake were considered predictor variables in secondary analyses. Baseline characteristics of participants according to quartiles of baseline dietary potassium intake are presented in online supplemental Table 4 . Individuals with higher dietary potassium intake were more likely to be White, less likely to be female, and had higher total caloric intake and dietary sodium intake, with lower dietary sodium:potassium intake. Hypertension was less likely in those with both the lowest and highest dietary potassium intake. 3MS score was the highest in those with the greatest dietary potassium intake.
Similar to dietary sodium intake, whether potassium intake was considered a categorical or continuous variable, there was no association of dietary potassium intake with incident cognitive impairment in any model (Table  3) . Addition of diuretic use did not change this association (model 3 highest quartile OR 0.55 [95% CI 0.56-1.17] vs. reference group). Results were similar in linear regression analysis considering the change in 3MS score at year 10 a continuous outcome (online suppl. Table 5 ). In the sub-group of participants with baseline comorbidities of hypertension, diabetes, and/or CVD, there was also no association of dietary potassium intake with incident cognitive impairment (model 3 highest quartile OR 0.32 [95% CI 0.07-1.46] vs. reference group). Dietary potassium intake was not associated with brain MRI parameters (not shown).
Baseline characteristics of study participants according to quartiles of baseline dietary sodium:potassium intake are shown in online supplemental Table 6 . Individuals with the highest ratio were less likely to be White, less likely to be female, less likely to have post-secondary education, and had higher total caloric intake. There was also a tendency toward higher SBP and greater prevalence of CVD. Baseline 3MS was lower in individuals with higher dietary sodium:potassium intake, and diuretic use was lower in individuals with lower dietary sodium:potassium intake.
The incidence of cognitive impairment was 8.4, 9.1, 8.1, and 17.8% for quartile 1 (0.350-0.743), quartile 2 (0.743-0.904), quartile 3 (0.904-1.083), and quartile 4 (1.083-2.400) respectively (p = 0.02). In the fully adjusted model, for every unit increase in dietary sodium:potassium intake, there was a 2.02 times greater odds (95% CI 1.01-4.03) of cognitive impairment; however, there were no significant differences across quartiles compared to the reference group (Table 3) . Addition of diuretic use did not significantly change this association (model 3 highest quartile OR 1.35 [95% CI 0.76-2.39] vs. reference group; per unit increase in dietary sodium:potassium intake OR 2.03 [95% CI 1.01-4.11]). There were also no significant associations in linear regression analysis considering the change in 3MS score at year 10 a continuous outcome (online suppl. Table 7) . Results were similar in the subgroup of participants with baseline comorbidities of hypertension, diabetes, and/or CVD (OR 3.69 [95% CI 0.98-14.0] per unit increase in dietary sodium:potassium intake; no significant difference across quartiles compared to the reference group). Dietary sodium:potassium intake was not associated with brain MRI parameters (not shown).
Discussion
Contrary to our hypothesis, we found no association between greater dietary sodium intake and cognitive decline in community-dwelling older adults. Similarly, we observed no independent association between dietary potassium intake and cognitive decline. However, higher dietary sodium:potassium intake was associated with slightly increased odds of cognitive decline, highlighting the importance of interactions between these 2 nutrients. Finally, in participants of the Healthy Brain substudy, we found no associations of either nutrient or their ratio with micro-or macro-structural brain MRI indices.
An association between dietary sodium intake and cognitive function has been suggested previously in both humans and animal models [19] [20] [21] [22] [23] [24] [25] . In contrast to our findings, sodium intake measured by FFQ was independently associated with greater decline in 3MS score over a 3-year period in older adults (the Nutrition and Successful Aging [NuAge] study); however, this association was observed only in sedentary individuals [19] . The lack of classification of sedentary behavior in Health ABC, as well as longer follow-up period may account for differences between these studies. In contrast, in a prospective study of older women, while hypertension was a risk factor for the development of mild cognitive impairment over the 9 year follow-up period, there was no effect modification according to sodium intake by FFQ [21] . Results in cross-sectional analyses are conflicting, with evidence of an association between 24-h urinary sodium excretion and worse cognitive performance in patients with newly diagnosed hypertension [20] , as well as worse cognitive performance with lower sodium intake in community-dwelling middle-aged older adults [22] .
Several rodent models have suggested that increased sodium over a 4-12-week period intake may impair cognitive function, including learning and both short-and long-term memory [23] [24] [25] . Despite lack of association observed in the current study, these mechanistic animal studies suggest a relationship between sodium intake and cognition may exist. Hypertonic saline delivery directly into the cerebral ventricle increases blood pressure and sympathetic tone, thus high dietary sodium may trigger a higher blood pressure set point and promote hypertension [26] . Hypertension is a known risk factor for the deterioration of cognitive function [27] . However, cognitive impairment can also occur in rodents independent of changes in blood pressure [23] , and in the NuAge study, the association of dietary sodium intake with cognitive function was independent of hypertension [19] . High dietary sodium intake also increases hippocampal reactive oxygen species production and decreases antioxidant enzyme expression [23] [24] [25] , in addition to disturbing synaptic plasticity in the hippocampus [25] . The effects of high sodium may also be mediated via vascular function, as sodium can induce vascular endothelial dysfunction [7] , which plays a pathogenic role in the development of cerebral small vessel disease [8] . Perhaps due to reduced cerebral blood flow, vascular endothelial dysfunction is also a major risk factor for cognitive impairment, [9, 28] .
Additionally, dietary potassium intake has considerable importance in modulating the effects of dietary sodium, and intake is low in industrialized nations, leading to a high sodium to potassium ratio [29] . High potassium intake may counter adverse effects of high sodium intake and attenuate the adverse cardiovascular consequence of high dietary sodium intake, [11, 12] and the ratio of sodium to potassium may provide greater insight regarding cardiovascular risk than either nutrient alone [10] . Much less is known about the influence of dietary potassium intake on cognitive function. Findings in previous epidemiological studies have been conflicting [30, 31] . In a longitudinal study (17-year follow-up) in community-dwelling older adults, higher dietary potassium intake (by FFQ) was associated with reduced risk of incident vascular dementia [28] . This association was possibly mediated via lower blood pressure, as altered potassium concentrations in cerebrospinal fluid can modulate blood pressure [32] . Notably, the analysis was not adjusted for dietary sodium intake.
Conversely, a later analysis found that higher dietary potassium intake (also by FFQ) was associated with increased risk of developing mild cognitive impairment 8 years later [31] . However, in a rodent model of Alzheimer's disease, increased potassium intake attenuated histopathological markers of disease and improved cognitive function, which was associated with decreased markers of oxidative stress and inflammation in the hippocampus and cortex, as well as improved longterm potentiation [32] . In the current study, we found no independent association of dietary potassium intake with cognitive decline; however, the risk of cognitive decline was increased with increasing dietary sodium:potassium intake. However, this association was observed only in the continuous but not categorical analysis, and not in the linear regression analysis of change in 3MS score; thus, this finding should be interpreted cautiously. To our knowledge, the association of sodium:potassium and cognitive function has not been examined previously.
To provide additional mechanistic insight regarding the associations of sodium and potassium with cognitive function, we evaluated the associations of these nutrients with brain macro-and micro-structures by MRI in participants in the Healthy Brain substudy. Cerebral white matter lesions increase with age and are associated with impaired cognitive function [33] . They are believed to represent microvascular disease resulting from chronic hypoperfusion [33] . On the other hand, GMV of the medial temporal area was greater for those who maintained cognitive function over time in the Healthy Brain substudy [17] . Decreased FA in white matter is indicative of microstructural abnormalities such as demyelination and axonal loss and is sensitive as early markers of cognitive impairment and performance decline [34] . We found no significant associations of dietary sodium, potassium, or sodium:potassium intake with any of these indices, or with cerebral atrophy index. However, these findings are limited by the fact that these assessments were performed in a relatively small number of participants in the Healthy brain substudy.
The major strength of this study is the consideration of both sodium and potassium, as well as their ratio, as predictors of cognitive decline with aging, as these associations have not been examined previously. Additionally, we utilized a well-characterized cohort with comprehensive information about potential covariates being available, and longitudinal follow-up over approximately 7 years. However, there are also several limitations to this analysis. Sodium intake was measured using the FFQ rather than 24-h urinary sodium excretion, and the former tends to underestimate sodium intake [35] . As discussed in a recent study evaluating the association of sodium intake with mortality and incident CVD in the Health ABC study, the mean sodium intake in this population was relatively low, and this may have made it more difficult to ascertain an association [36] . Additionally, the predictor variables were measured just once and dietary habits could have changed over the follow-up period. Related, there was a temporal separation between assessment of diet and the brain MRI parameters, and the sample size for the brain MRI indices was quite limited. Our assessment of cognitive function was also limited; however, the 3MS score is considered a measure of global cognitive function, including orientation, attention, immediate and short-term recall, and language [15] . Finally, the Health ABC participants were communitydwelling individuals with good functional capacity; thus, these results may not reflect the general aging population.
In conclusion, in a population of community-dwelling older adults, neither dietary sodium nor potassium intake was associated with cognitive decline or with brain mac-DOI: 10.1159/000486580 ro-and micro-indices by MRI. There is possibly a role for the interaction between sodium and potassium (i.e., their ratio) and cognitive decline; however, this association should be investigated further in a larger population. Additional longitudinal analyses measuring 24-h urinary sodium and potassium excretion levels are also indicated, including populations of chronic kidney disease patients. It would be of particular interest to study brain MRI indices in a larger sample size as well. The current results do not support reduced dietary sodium or increased potassium intake as an intervention to prevent cognitive decline with aging.
